Oral mucositis is a significant problem in cancer patients treated with radiation or chemotherapy, often hindering definitive cancer treatment. For patients with oral mucositis, pain is the most distressing symptom, leading to loss of orofacial function and poor quality of life. While oral mucositis has been well-described, its pathophysiology is poorly understood. Oral health professionals treating patients with mucositis have almost no effective therapies to treat or prevent oral mucositis. The purpose of this review is to (1) describe the current preclinical models of oral mucositis and their contribution to the understanding of mucositis pathophysiology, (2) explore preclinical studies on therapies targeting mucositis and discuss the clinical trials that have resulted from these preclinical studies, and (3) describe the proposed pathophysiology of oral mucositis pain and preclinical modeling of oral mucositis pain.
the radiation model has been refined; currently, radiation challenge could be either a single acute dose or multiple fractionated doses (Watkins et al., 2010) . In addition, the radiation model has evolved to include chemotherapy, which replicates chemoradiation treatment in cancer patients (Alvarez et al., 2003) . Aside from radiation or chemoradiation mucositis models, chemotherapyinduced mucositis models are frequently used. The first chemotherapy mucositis animal model was published in 1990 and used repeated intraperitoneal injections of 5-fluorouracil (5-FU) in hamsters, (Sonis et al., 1990) , followed by mechanical injury to the buccal mucosa to induce ulceration. Currently, common chemotherapeutics used to induce mucositis include cisplatin and 5-FU (Dorr et al., 2005) . A less common model involves mucosal injury with acetic acid. Acetic acid is applied after either a sialoadenectomy or intravenous treatment with cisplatin and peplomycin sulfate. Both procedures create a state of impaired healing from the acetic acid injury and, ultimately, ulceration at the injury site (Fujisawa et al., 2003) . Most preclinical studies focus on oral mucositis; however, a few do measure intestinal mucositis and loss of structural integrity of intestinal crypts. The focus on oral, rather than intestinal, mucositis could be attributed to the fact that oral mucositis is significantly debilitating and painful in patients. In studies where the investigators are also exploring possible effects of the mucositis treatment on tumor activity, xenografts of squamous cell carcinoma are concurrently established in the animal mucositis models (Brake et al., 2008) .
PrEclinicAl stuDiEs On MucOsitis trEAtMEnts growth factors

Keratinocyte growth factor
Since mucositis pathogenesis involves damage to the epithelial and submucosal cells, which results in ulceration and breakdown of mucosal barrier, many preclinical trials focus on the use Hwang et al., 2005 Mouse Tongue and snout radiation in single dose or fractionated doses Dorr et al., 1990 Chemotherapy Golden Syrian hamster Injection of 5-FU followed by buccal mucosa injury Sonis et al., 1990 Mouse Injection of 5-FU Farrell et al., 1998 Rat Injection of 5-FU followed by mucosal injury Vilela-Goulart et al., 2008 Rabbit Injection of cisplatin/peplomycin sulfate followed by mucosal injury with acetic acid Fujisawa et al., 2003 Chemoradiation Golden Syrian hamster Radiation with cisplatin or 5-FU injection Alvarez et al., 2003 Mouse Radiation with cisplatin and/or 5-FU injection Dorr et al., 2005 Chemoradiation and cancer xenograft Mouse Inoculation with cancer followed by chemotherapy Brake et al., 2008 Sialoadenectomy Rabbit Sialoadenectomy followed by mucosal injury with acetic acid Fujisawa et al., 2003 figure 1. Methods of establishing preclinical mucositis models and treatments tested in these models. The diagram illustrates the established preclinical mucositis models used to test the efficacy of different mucositis treatments. These preclinical models are created in rat, mouse, hamster, or rabbit species. Methods used to induce mucositis include radiation, chemotherapy, chemoradiation, or sialoadenectomy. To investigate the effects of mucositis treatments on proliferation of solid tumors, researchers also use a solid tumor xenograft animal model, in which mucositis is induced by chemotherapy and/or radiation. EGF, epidermal growth factor; KGF, keratinocyte growth factor; SCV-07, gamma-D-glutamyl-L-tryptophan; TGFβ3, transforming growth factor-β3.
of growth factors to regenerate the mucosal barrier. Growth factors are thought to regenerate mucosa by stimulating cellular proliferation. Of the growth factors that have been studied, recombinant human keratinocyte growth factor (KGF) is possibly the most widely investigated. KGF is a member of the fibroblast growth factor family. Its receptor, KGFR, is predominantly expressed on epithelial cells. KGF activation of its receptor results in increased proliferation, migration, differentiation, and survival of epithelial cells (Finch and Rubin, 2004) . The therapeutic efficacy of KGF has been studied in multiple preclinical mucositis models (Farrell et al., 1998) . These models were established with chemotherapy alone, radiotherapy alone, or chemoradiation. In this study, KGF was used as a pretreatment; models receiving KGF had significantly less weight loss and longer survival than in controls. These benefits were attributed to increased mucosal thickness in response to palifermin pretreatment (see Table 2 for a summary of efficacy of treatments discussed in this review). The promising preclinical results were upheld in clinical studies, and in 2005 a truncated form of the recombinant human KGF, named 'palifermin', was approved for use to decrease the incidence and duration of severe mucositis in patients with hematologic malignancies receiving intensive chemoradiotherapy for autologous stem cell transplant (Sonis, 2010) . Since then, preclinical studies have also been conducted to expand the use of palifermin for mucositis in solid malignancies. In a study by Dorr et al., palifermin was injected into a mouse model before and during chemoradiation. This treatment schedule of palifermin injection resulted in increased dose tolerance of radiation and chemotherapy (Dorr et al., 2005) . Since tumor cells of epithelial origin express KGFR, there was concern that palifermin could protect tumors against antitumor drugs. A study by Brake et al. determined whether palifermin decreased antitumor activity of several chemotherapeutics and biologics in mouse xenograft models of head and neck carcinoma and colorectal carcinoma. Results of this study showed that palifermin did not promote proliferation in the carcinoma models and also had no effect on antitumor activity of the drugs (Brake et al., 2008) . In a mouse model of chemoradiationinduced mucositis, palifermin injection prior to chemoradiation promoted cell proliferation and increased epithelial thickness of the oral mucosa, salivary glands, and digestive tract (Borges et al., 2006) . Despite promising results in preclinical models of solid malignancies, evidence to support the use of palifermin for mucositis prevention in patients with solid malignancies is still incomplete (Sonis, 2010) .
Epidermal growth factor
Another growth factor that has been investigated in preclinical models of mucositis is epidermal growth factor (EGF). EGF is produced by platelets, macrophages, and monocytes. It acts on its receptor EGFR on epithelial cells, smooth-muscle cells, and fibroblasts to increase their proliferation and accelerate wound healing. In a mouse model of mucositis that was generated by cisplatin and radiation, systemic administration of EGF reduced the severity of oral mucositis. Histologically EGF-treated mice showed significantly increased epithelial cell layer thickness, increased basal cell number, and expression of Ki-67 (proliferative marker) compared with controls (Ryu et al., 2010) . Unlike studies where palifermin was administered prior to chemoradiation, in this study EGF was administered after chemoradiationinduced mucositis. Another study from the same group tested the efficacy of topical rather than systemic EGF administration and showed that topical EGF had similar wound-healing benefits in a radiation mucositis model (Lee et al., 2007) . EGF was used in a rabbit model of mucositis that was induced by sialoadenectomy and acetic acid mucosal injury. In this study, the authors injected EGF systemically after mucositis lesions developed. They showed that systemic EGF accelerated mucosal healing. However, topical EGF application did not significantly accelerate wound healing (Fujisawa et al., 2003) . A clinical trial evaluated a recombinant human EGF oral spray in 58 patients with oral mucositis induced by intensive chemotherapy followed by stem cell transplant. Patients with mucositis of grade 3 or higher (according to the World Health Organization scale) who were treated with the EGF oral spray had significantly shorter duration of mucositis, reduced limitations in swallowing and drinking, shorter duration of hospital stays, total parenteral nutrition, and opioid usage (Kim et al., 2013) .
transforming growth factor-β3
Transforming growth factor-β3 (TGF-β3) has been found to reduce radiation-induced intestinal cell damage in a mouse model (Booth et al., 2000) . In a phase I clinical trial on 11 breast cancer patients, a TGF-β3 mouthwash was administered at the start of chemotherapy and showed good tolerability (Wymenga et al., 1999) . A larger clinical trial using the TGF-β3 mouthwash in patients with solid malignancies undergoing high-dose chemotherapy was started. However, the trial was stopped when results of preclinical studies were published suggesting suboptimal formulation and dosing. Interim analysis of the halted clinical trial showed that the TGF-β3 mouthwash did not decrease the incidence or duration of mucositis (Foncuberta et al., 2001) . The negative results from this clinical trial highlight the importance of well-designed preclinical trials to establish appropriate dosage and frequency of the intervention to treat oral mucositis.
Amino Acids and Peptides
D-Methionine and tempol
D-Methionine is a dextro-isomer of the common amino acid L-Methionine. In preclinical models, it has been shown to protect normal tissues, but not tumor tissue, from chemotherapy-and radiation-induced cell death. D-Methionine treatment did not alter tumor control following cisplatin and radiation. Pharmacokinetics showed that liquid suspension of D-Methionine in rats had 68% bioavailability relative to IV administration (Vuyyuri et al., 2008) . In a mouse model of radiation-induced mucositis, D-Methionine showed a dose-dependent increase in protection from mucositis. Furthermore, D-Methionine did not compromise chemoradiationmediated tumor control (Vuyyuri et al., 2008) . A phase I clinical trial was conducted to assess the pharmacokinetics of MRX-1024, the orally bioavailable formulation of D-Methionine, in healthy individuals and head and neck cancer patients undergoing radiation therapy and/or chemotherapy. D-Methionine treatment was associated with a modest increase in emesis, with one incidence of grade 3 emesis (Hamstra et al., 2010) . D-Methionine has also been used in combination with Tempol in a preclinical model of radiation with and without cisplatin-induced mucositis. A D-Methionine gavage was given with either an intraperitoneal injection or a topical application of Tempol prior to chemoradiation. While either drug alone provided partial protection from ulcerative mucositis, the combination of the two drugs provided complete protection (Cotrim et al., 2012) .
AMP-p
A 21-amino-acid peptide derived from antrum mucosal protein-18 (AMP-p) has been used in a hamster model of oral mucositis that was established with radiation and cisplatin. Daily subcutaneous injections of Amp-p reduced the incidence and duration of mucositis. This effect was attributed to the peptide's ability to limit tight junction loss and cellular apoptosis in the presence of tumor necrosis factor-alpha (a secreted mediator in the oral mucositis microenvironment that induces cell death) (Wu et al., 2012) .
gamma-D-glutamyl-l-tryptophan (scv-07)
SCV-07 is a synthetic water-soluble peptide that acts as an immune modulator by stimulating T-helper 1 (Th1) cells and inhibiting T-helper 2 (Th2) cells. The homeostatic disruption of Th1:Th2 cells is hypothesized to contribute to mucositis pathogenesis, and SCV-07 functions to restore the imbalance. While SCV-07 was clinically developed to treat infectious diseases, it was applied to mucositis treatment in a preclinical model in golden Syrian hamsters. SCV-07 was found to reduce the severity and duration of oral mucositis resulting from acute or fractionated radiation, and the duration of mucositis resulting from chemoradiation (Watkins et al., 2010) . Subsequently, a phase IIa dose-ranging study was conducted on 59 head and neck cancer patients receiving chemoradiation. In this trial, only some patients treated with SCV-07 had a delay in the onset of mucositis. This non-uniform response led the investigators to perform a gene expression array and identify 107 genes to differentiate between the responders and non-responders (Alterovitz et al., 2011) . An additional phase II trial was initiated in 2010, but was halted after a Data and Safety Monitoring Board review in 2012 demonstrated no drug effect.
vitamin supplements and Antioxidants
The pathogenesis of mucositis involves the release of reactive oxygen species, which activate multiple biological pathways and result in cell death; as such, the efficacy of antioxidants in reducing mucositis has been explored. A multiple vitamin mixture in combination with riboflavin and folate has been tested for their ability to reduce the oxidative burden in a rat model of chemotherapy-induced mucositis. 'Oxidative burden' was quantified as the formation of thiobarbituric-acid-reactive substances and protein carbonyls. The vitamin and antioxidant mixture was able to improve the functional and structural integrity of intestinal crypts and reduced apoptotic indices (Bodiga et al., 2012) .
Amniotic Membrane
Aside from treatment with peptides or growth factors that could accelerate epithelial healing, some studies have taken a completely different approach by protecting the mucositis lesion with a physical barrier. Vilela-Goulart et al. used a rat model of 5-FU-induced mucositis to test the efficacy of a homogenous amniotic membrane (HAM) as a biological dressing for oral mucositis lesions (Vilela-Goulart et al., 2008) . The amniotic membrane in this study was taken from rats, had a thin epithelial layer, thick basement membrane layer, and an avascular stroma of collagen. Studies prior to this preclinical trial showed that amniotic membranes have antibacterial properties and low immunogenicity, promote re-epithelialization, and decrease inflammation. In addition, they also produce growth factors such as KGF, EGF, and TGFβ (Alviano et al., 2007) . Rats treated with HAM showed a histologically lower quantity of inflammatory cells.
PAthOPhYsiOlOgY AnD PrEclinicAl MODEling Of OrAl MucOsitis PAin Oral Mucositis Pain
While oral mucositis pain causes dysfunction and significant distress in patients, preclinical and clinical studies evaluating the efficacy of novel treatments for mucositis rarely measure the ability of the treatment to reduce pain. Weight loss is often measured and used as a proxy for oral function. A trial on doxepin quantified systemic analgesic use between trial visits as an index of pain. The study participants were also asked to rate their pain on a visual analog scale at study visits (Epstein et al., 2007) . A few clinical trials measured oral function. One trial that used benzadymine chloride for mucositis management measured pain on swallowing; patients in the treatment group had decreased pain on swallowing compared with those in the placebo group. Another trial using tetrachlorodecaoxide measured oral intake in 62 patients (Malik et al., 1997) . The treatment group reported improved oral intake and a shorter duration of oral pain (3.1 days in the treatment group vs. 3.6 days in the placebo group). The lack of attention to pain in clinical trials carries over to clinical practice, where oral mucositis pain is often under-recognized and inadequately managed (Epstein et al., 2012) .
Lack of progress in the treatment of oral mucositis pain could be attributed to a poor understanding of the pathogenesis of mucositis pain. Just as there are few clinical studies measuring pain and loss of function, there are even fewer preclinical studies to elucidate the molecular pathways of mucositis pain. Our understanding of oral mucositis pain is derived from animal models of other oral pain conditions, such as oral cancer pain or temporomandibular joint pain. Here we review receptors and pathways with known roles in these oral pain conditions. While their role in oral mucositis pain is not yet established, future preclinical mucositis studies could focus on these specific receptors and pathways, since they are likely to result in novel mucositis pain treatments.
nociceptive component of Mucositis Pain
Oral mucositis pain includes both nociceptive and neuropathic etiologies. In all oral pain conditions, nociceptive stimuli are conveyed through the trigeminal system and terminate in the subnucleus caudalis. Nociceptive afferents include A-delta fibers, which convey sharp pain, and C fibers, which convey burning pain. C fibers are further divided into peptidergic and non-peptidergic populations. Nociceptive pain in the oral cavity is modulated by several different receptors, including the transient receptor potential (TRP) family of sensory ion-channel proteins, the endothelin-1 (ET-1) receptors, the tumor necrosis factor alpha (TNFα) receptor, and receptors for nerve growth factor (NGF) (Fig. 2) .
The transient receptor potential (TRP) family of sensory ion-channel proteins is expressed on trigeminal ganglion neurons that convey thermal and mechanical nociception in the orofacial region (Alessandri-Haber et al., 2009) . Mechanical nociception results in oral dysfunction in patients with oral mucositis. Within the TRP family, receptors conveying mechanical nociception include TRPV1 (Nilius et al., 2007) , TRPA1, TRPM8 (Colburn et al., 2007; Basbaum et al., 2009), and TRPV4 (Alessandri-Haber et al., 2009) . TRP receptor sensitization by peripheral signaling molecules (Nilius et al., 2007; Basbaum et al., 2009 ) further contributes to mechanical pain. TRPV4 activation also results in the release of endothelin-1 (Moore et al., 2013) , a vasoactive and nociceptive peptide.
Endothelin-1 (ET-1) mediates nociception in all trigeminal branches (Chichorro et al., 2010) . The two ET-1 receptor subtypes, ET A R and ET B R, are expressed in human trigeminal ganglia (Uddman et al., 2006) . These receptor subtypes are also expressed in rat trigeminal ganglia (Yamamoto et al., 2013) . Therefore, preclinical models exploring the role of ET-1 in orofacial pain have involved rats. ET-1 injection into the upper lip or temporomandibular joint of the rat results in nociception (Chichorro et al., 2010) . In addition, both ET A R and ET B R receptors in rat trigeminal ganglia mediate orofacial thermal hyperalgesia (Chichorro et al., 2009) . ET-1 is elevated in the saliva of oral cancer patients with pain (Pickering et al., 2007) , figure 2. Mediators, receptors, and nociceptor fiber types within the trigeminal system that likely contribute to oral mucositis pain. TRP receptors associated with mechanical hyperalgesia include TRPV1, TRPA1, TRPV4, and TRPM8. Epithelial cells within the oral mucositis microenvironment mediate inflammation by secreting IL-1β, IL-2, IL-6, TNFα, and NGF. TNFα activates TNFR2, producing a nociceptive response. NGF binds to either the low-affinity p75 receptor or high-affinity TrkA receptor on peptidergic neurons. Peptidergic C fibers and A-delta fibers secrete substance P (SP) and calcitonin gene-related peptide (CGRP) in the periphery, and SP, CGRP, and glutamate in the nucleus caudalis, to mediate neuronal sensitization and nociception. ET-1 and cyclooxgenase-2 (COX-2) production are induced by the transcription factor NF-κB. Secretion of ET-1 is hypothesized based on the up-regulation of NF-κB in the oral mucositis microenvironment. The COX-2 enzyme produces prostaglandins (PG). TNFR2, TRPV4, and prostaglandin receptors (PR) have not been localized to specific fiber types, and are shown here on multiple fiber types. and blockade of the endothelin receptors alleviates oral cancer pain in a preclinical model (Quang and Schmidt, 2010a,b) . The possible link between ET-1 and oral mucositis is the transcription factor NF-κB. The current working hypothesis for oral mucositis involves an initial stage of endothelial cell damage by reactive oxygen species (ROS). ROS species activate NF-κB, stimulating pathways that result in mucositis (Bierhaus et al., 1997) . ROS species are thought to produce pain by potentiating inflammation and increasing the production of proalgesic agents (Basbaum et al., 2009) . ET-1 is also activated by NF-κB during oxidative stress. These collective results suggest that ET-1 contributes to oral mucositis pathogenesis and pain.
In addition to ET-1, other factors induced by NF-κB could contribute to oral mucositis pathogenesis and pain. TNFα and cyclooxygenase-2 (COX-2) are two examples. TNFα induces cancer pain by binding to the TNFR2 receptor on nociceptors. In oral mucositis patients, TNFα mRNA in buccal samples correlates with oral mucositis pain (Fall-Dickson et al., 2007) . TNFα blockade reduces oral mucositis in head and neck cancer patients undergoing chemoradiation (Watanabe et al., 2010) . COX-2 expression is also up-regulated in oral mucositis. COX-2 is responsible for converting arachidonic to prostaglandin H2. However, a controlled clinical trial showed no effect of a prostaglandin antagonist oral rinse on chemotherapy-induced oral mucositis pain (Lalla et al., 2011) .
Aside from the factors discussed thus far, a separate class of factors termed 'neurotrophic factors' is secreted in different oral pain states to mediate nociception. Neurotrophic factors are secreted by neurons, inflammatory cells, or cancer cells (Ye et al., 2011) . They mediate pain by binding to either the lowaffinity p75 receptor or high-affinity "Trk" family of receptors, which are confined to peptidergic C fibers. NGF is possibly the most well-studied neurotrophic factor. NGF is produced at high levels by oral cancer cells and mediates oral cancer pain. NGF blockade with anti-NGF produced significant mechanical pain relief, return of oral function, and reduction in weight loss in a mouse model of oral cancer (Ye et al., 2011) .
neuropathic component of Mucositis Pain
The second component of mucositis pain is neuropathic pain. Neuropathic pain is caused by neuronal sensitization by chemotherapeutic agents and inflammatory mediators. Examples of inflammatory mediators include glutamate and neuropeptides (e.g., substance P, calcitonin gene-related peptide, and NGF), which are secreted by trigeminal A-delta and C neuronal fibers in the nucleus caudalis and periphery. Peripheral release from peptidergic C fibers produces the neurogenic inflammation component of the complex pain response seen with oral mucositis. Glutamate release strongly contributes to inflammation (Haas et al., 2010) . Other pro-inflammatory cytokines (e.g., TNFα, IL-2, IL-6, IL-1beta) at the site of mucosal injury result in neuronal sensitization. Given these findings, the effects of anti-inflammatory cytokines on reducing mucositis pathogenesis and pain have been explored. Although they have shown promise in multiple preclinical models, these results have not been supported by clinical studies (Fall-Dickson et al., 2007) .
Assays for Quantifying Oral Mucositis Pain
The key to understanding mechanisms of mucositis pain is in objective preclinical nocifensive assays. Orofacial nocifensive assays quantify either reflexive nocifensive responses or operant responses. Reflexive nocifensive responses include withdrawal reflexes or innate, brainstem-derived nocifensive behaviors, such as licking, guarding, grooming, vocalization, or face-wash strokes (Mogil, 2009) . Operant assays quantify voluntary behavior in response to a stimulus, allowing for the assessment of central processing of pain. The dolognawmeter is an operant assay that quantifies the amount of time required for a mouse to gnaw through a series of dowels. The gnaw time has been validated as a behavioral index of orofacial dysfunction in mouse models of temporomandibular disorder, masticatory myositis, and oral cancer (Dolan et al., 2010) . Another operant assay is the Orofacial Pain Assessment Device (OPAD), in which an animal is trained to place its face against a thermal or mechanical stimulus to gain access to positive reinforcement. Numbers and durations of contacts and reward intake are quantified as indices of thermal or mechanical hypersensitivity (Nolan et al., 2011) . Other operant assays include quantification of meal duration or bite force, both of which are influenced by the animal's appetite (Ro, 2005; Kramer et al., 2010) . Both reflexive nocifensive responses and operant assays are commonly used to quantify orofacial pain, and could be used to quantify nociceptive or neuropathic components of oral mucositis pain.
thE futurE Of MucOsitis PAin MAnAgEMEnt
Currently, opioids are the most effective treatment for mucositis pain. However, patients rapidly develop tolerance to opioids or have variable analgesic responses. Variable responses have been attributed to genetic variability (e.g., single-nucleotide polymorphisms, which result in alternative splicing) of the mu-opioid receptor (MOR) gene (OPRM1). To improve the analgesic effect, investigators are developing new drug compounds that specifically target certain mu-opioid receptor isoforms. The rs1799971 (A118G) single-nucleotide polymorphism (SNP) is the most well-investigated SNP; this SNP is associated with altered opioid response in different regions of the brain (Oertel et al., 2009) . Another SNP, the rs563649 SNP, was recently discovered in a comparative genomic analysis study. This SNP is located within a structurally conserved internal ribosome entry site (IRES) in the 5′UTR of a novel exon-13-containing MOR-1K isoform. Presence of the SNP affects both mRNA levels and translation efficiency and results in increased levels of MOR-1K, a sixtransmembrane (6TM) isoform of MOR. Activation of MOR-1K produces neuronal excitation, rather than inhibition, as seen with the canonical MOR-1 (Gris et al., 2010) . This SNP is observed in 6% of individuals and is the strongest independent contributor to quantified pain-sensitivity responses in those individuals (Shabalina et al., 2009) . A group led by Pasternak synthesized analgesics to target six-transmembrane isoforms of MOR such as MOR-1K. In their preclinical trials, these new compounds were more potent than morphine and lacked the side effects of respiratory depression and physical dependence seen with traditional opioids (Majumdar et al., 2011) . Fink and colleagues took a different approach to develop novel analgesics. In a series of preclinical and clinical trials, they used modified herpes simplex viruses (HSV) to deliver genes for endogenous opioids (i.e., pro-enkephalin gene, which produces met-enkephalin and leu-enkephalin) to treat chronic pain (Wolfe et al., 2009 ). The results from preclinical trials showed that delivery of the endogenous opioid genes produced an analgesic effect in facial pain and cancer pain models. Similarities between the etiology of cancer pain and mucositis pain suggest that this treatment could be effective against mucositis pain.
Oral mucositis and mucositis pain are complex problems. Accurate preclinical modeling of mucositis is key to a deeper understanding of mucositis pathogenesis. Current preclinical models have inherent limitations. For example, some models require mechanical injury to induce ulceration; in patients, the mucosa does not need to be superficially injured for mucositis to develop. Dose and scheduling of chemotherapy or radiation are also not necessarily translatable between animals and humans. Despite the limitations of animal models, preclinical studies on mucositis treatment are far ahead of preclinical studies of oral mucositis pain. Although pain is the most distressing symptom for patients, few studies on mucositis directly address pain. Future preclinical studies should quantify pain using existing orofacial nocifensive assays. The candidate pain mediators proposed in this review should be addressed.
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